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Abstract

Assessing the functional significance of novel putative onco-
genes remains a significant challenge given the limitations of
current loss-of-function tools. Here, we describe a method that
employs TALEN or CRISPR/Cas9-mediated knock-in of inducible
degron tags (Degron-KI) that provides a versatile approach for the
functional characterization of novel cancer genes and addresses
many of the shortcomings of current tools. The Degron-KI system
allows for highly specific, inducible, and allele-targeted inhibition
of endogenous protein function, and the ability to titrate protein
depletion with this system is able to better mimic pharmacologic
inhibition compared with RNAi or genetic knockout approaches.

TheDegron-KI systemwas able to faithfully recapitulate the effects
of pharmacologic EZH2 and PI3Ka inhibitors in cancer cell lines.
The application of this system to the study of a poorly understood
putative oncogene, SF3B1, provided the first causal link between
SF3B1 hotspot mutations and splicing alterations. Surprisingly,
we found that SF3B1-mutant cells are not dependent upon the
mutated allele for in vitro growth, but instead depend upon the
function of the remaining wild-type alleles. Collectively, these
results demonstrate the broad utility of the Degron-KI system for
the functional characterization of cancer genes. Cancer Res; 75(10);
1949–58. �2015 AACR.

Introduction
Although cancer genome sequencing studies have identified a

large number of recurrently mutated genes (1, 2), functional
studies are required to determine whether or not these genes
present viable targets for cancer therapy. For instance, it is pivotal
to establish that potential targets are required for tumor mainte-
nance rather than representing initiating lesions that are no longer
required for neoplastic growth. RNAi technology has been widely
used to interrogate oncogene dependence by testing the impact of
gene/protein knockdown in cell lines harboring the respective
gene or pathway alterations. While RNAi has revolutionized our
ability to perform genetic loss-of-function studies, it is known to
be fraughtwith significant off-target effects (3–5). RNAi-basedoff-
target effects are particularly problematic for studies using cell
proliferation as a phenotypic readout, as any off-target activity
toward essential housekeeping genes has the potential to yield a
false-positive result. In fact, it is likely that the propensity of RNAi-
based methods to yield false-positive results significantly con-

tributes to the recently raised concerns around the lack of repro-
ducibility in cancer biology publications (6, 7).

Many cancer genes, such as oncogenes, exhibit dominant
behavior, where only one allele is mutated and thought to drive
the tumorigenic effect. In order to distinguish the effects of the
mutated from wild-type alleles, a method that allows for the
selective inhibition of one but not the other allelewould behighly
desirable. It is often challenging or impossible, however, to design
RNAi reagents that can discriminate between the mutant and
wild-type alleles, owing to sequence constraints and the general
tolerance of single-base-pair mismatches in many positions (8).
Recent advances in somatic knockout technologies, in particular
the CRISPR/Cas9 system (9), provide powerful tools for genetic
loss-of-function studies.While beingmore efficient than previous
somatic genome engineering technologies, CRISPR-based gene
knockouts have significant limitations for the study of essential
genes, as gene inactivation is not inducible, generally occurs with
slow kinetics (several days), and cannot be reversed in order to
mimic intermittent target inhibition. Thus, CRISPR can readily be
applied toward the knockout of tumor suppressor genes, but
provides less utility toward the study of essential genes such as
oncogenes due to the inability to generate stable knockout clones
for genes required for cancer cell proliferation.

To address some of the shortcomings of current genetic tools
toward the functional characterization of novel oncogenes, we
sought to develop a system that ideally would (i) have minimal
off-target effects, (ii) enable allele-specific targeting, and (iii)
allow for inducible and reversible gene depletion. In this study,
we devised a method that allows for allele-specific regulation of
endogenous proteins using a chemically regulated destabilization
domain (DD) tag (10). We refer to thismethod as Degron-knock-
in (Degron-KI) and demonstrate its application to interrogate
cancer dependence of known and novel oncogenes.

1Oncology Disease Area, Novartis Institutes for BioMedical Research,
Cambridge,Massachusetts. 2OncologyTranslationalMedicine, Novar-
tis Institutes for BioMedical Research, Cambridge, Massachusetts.
3Developmental and Molecular Pathways, Novartis Institutes for Bio-
Medical Research, Cambridge, Massachusetts.

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

Corresponding Author: Frank Stegmeier, Novartis Institutes for BioMedical
Research, 250 Massachusetts Avenue, Cambridge, MA 02139. Phone: 617-871-
3736; Fax: 617-871-4000; E-mail: frank.stegmeier@novartis.com

doi: 10.1158/0008-5472.CAN-14-2930

�2015 American Association for Cancer Research.

Cancer
Research

www.aacrjournals.org 1949

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/75/10/1949/2717952/1949.pdf by guest on 19 M

ay 2023



Materials and Methods
Cell line, plasmid, and compound

Cell lines and culture media are as follows: HCT116 cells
(McCoy's 5A Medium GIBCO#16600 with 10% FBS); Mel-Juso,
ESS1, and NCIH1048 cells (RPMI-1640 with 10% FBS); Mel202
(RPMI-1640 with 15% FBS, from Schepens Eye Institute);
Karpas422 (RPMI-1640 with 10% FBS and 1� Glutamax from
LifeTech). At low seeding density, Mel202 requires 30% condi-
tioned medium to support cell proliferation. All lines were
authenticated by SNP fingerprinting, and generally used within
20 passages. TALENs targeting p53 and SF3B1 were purchased
from LifeTech. Backbone donor vector for homologous recom-
bination was generated by gene synthesis from LifeTech. Left and
right homologous recombination armswere obtained from geno-
mic PCR and cloned into the restriction sites in the backbone
donor vector (Nde1 andXho1 for the left arm; EcoR1 andNot1 for
the right arm, Xho1 site was removed in the end). Detailed
information on the targeting sequences of TALENs and CRISPR
aswell as the donor vector design andPCRprimers are provided in
Supplementary Experimental Procedures. The chemical com-
pounds used in this study are as follows: Doxorubicin (Sigma)
and Nutlin-3 (Sigma); BYL719 (Novartis); El1 (Novartis); Shield-
1 (Clontech). Shield-1 powder was dissolved in 100% EtOH at
1mmol/L and stored at �20�C. Shield-1 was added to the fresh
tissue culture media right before usage.

Antibodies
Primary antibodies: p53 (DO-1, sc-126; Santa Cruz Biotech-

nology; 1C12, #2524 CST for immunofluorescence), p21 (c-19,
sc-397; Santa Cruz Biotechnology), EZH2 (5246s, CST, both for
Western blot and immunofluorescence), H3 (9715s; CST),
H3K27Me3 (9756s; CST), PIK3CA (4249s; CST), pAKT (4058L;
CST), AKT (9272s; CST), GAPDH (IMG-5019A-1, IMGENEX),
SF3B1 (p221-3; MBL International, both for Western blot and
immunofluorescence). Secondary antibodies: anti-mouse IgG
IRDye800 (800-656-7625; Rockland), goat anti-rabbit IgG-HRP
(sc-2030; Santa Cruz Biotechnology), goat anti-mouse IgG-HRP
(sc-2031; Santa Cruz Biotechnology), goat anti-Mouse IgG Alexa
Fluor (A11005; LifeTech), goat anti-Rabbit IgG Alexa Fluor
(A11012; LifeTech). Positive clones were further verified by junc-
tion PCR and locus PCR (Supplementary Fig. S2).

In vitro cell proliferation (colony formation, three-dimensional
growth assay)

Colony formation: Cells were seeded at a very low density in 6-
well plates for 10 to 14 days, followed by crystal violet staining
(0.5 g crystal violet, 27 mL 37% formaldehyde, 100mL 10� PBS,
10mLmethanol, 863 dH20 to 1L). Seeded cell numbers: HCT116
(1,500 cells), NCIH1048 (10,000 cells), Mel-Juso (3,000 cells),
ESS-1 (3,000 cells), Mel202 (6,000 cells). Conditioned medium
(30%) was added in the Mel202 foci formation assay.

Mel202 three-dimensional (3D) growth assay: 300 cells were
seeded in 80 mL of culture medium (containing 30% conditional
medium) in a 96-well ultra-low attachment round bottom plate
(Costar; 7007). Pictures were taken after 9 days. In both cases,
fresh Shld compound was added every 5 days.

RNAseq analysis
Reads were aligned to the human genome using a reference

transcriptome and a modified version of Tophat, as previously

described (11). Expression levels for UCSC genes and transcripts
were determined using Cufflinks (12), summed for genes with
multiple genomic loci, then rescaled so that the upper quartile
gene expression level in each experiment was 10. Sequencing
reads and gene expression values were deposited in the NCBI
Gene ExpressionOmnibus database (GEO ID: Series GSE66719).

Details of RNAseq analysis and other Materials and Methods
can be found in Supplementary Experimental Procedures.

Results
TheDD tag is a derivative of human FKBP12 that is stabilized in

the presence of the small-molecule ligand Shield-1 (Shld), but
becomes unstable and subjected to proteasomal degradation
once Shld compound is withdrawn (10). We reasoned that
introduction of the DD tag by homologous recombination at
theN-terminus of endogenous genes should impart allele-specific
protein stability regulation through addition or withdrawal of
Shld (Fig. 1A). To test the feasibility of this approach, we exam-
ined if this system can be used to inducibly regulate the function
of TP53, a critical tumor suppressor gene. The DD-tag fusion was
knocked into the TP53 gene locus of the diploid HCT116 cell line
using TALENs, and several clones were isolated by puromycin
selection. The DD-tag fusion increases protein size by 12 kDA
(Supplementary Fig. S1A), thus allowing for easy distinction
of heterozygous clones, which express both DD-tagged and
untagged protein, compared with homozygous clones, where
only the DD-tagged version but no untagged endogenous protein
is detectable. "Homozygous" DD-tagged clones can either repre-
sent clones that have the DD tag inserted in all alleles, or
alternatively may harbor a DD knock-in of one allele with the
remaining alleles being inactivated (leading to knock-out)
through error-prone non-homologous end joining, thus resulting
in expression of only the DD-tagged protein. While these two
possibilities cannot easily be distinguished by Western blot, they
become readily evident by targeted sequencing of the genomic
insertion site (Supplementary Fig. S2). Notably, out of 24 puro-
resistant clones analyzed, 8 (33%) exhibited expression of only
the DD-tagged p53 protein, indicating homozygous targeting
(Supplementary Fig. S1A). The homozygous DD-p53 clone
displayed efficient depletion of TP53 upon Shld withdrawal,
whereas p53 protein levels were not altered by Shld removal in
the parental HCT116 cells (Fig. 1B and C; Supplementary Figs.
S3A and S4A).We next examined if the extent of p53 depletion by
the Degron-KI system was sufficient to mirror a TP53 knockout
phenotype by investigating its impact on DNA damage response
andMDM2 inhibition (13), which require an intact p53 pathway.
Similar to parentalHCT116 cells, when cultured in the presence of
Shld to stabilize the DD-p53 protein, the homozygous DD-p53
clone robustly activated theDNAdamage responsepathwaywhen
treated with the DNA-damaging agent doxorubicin (Fig. 1D and
E). In addition, the sensitivity of DD-p53 clone (in the presence of
Shld) to the MDM2 inhibitor Nutlin-3 was similar to that of the
parental cells (Fig. 1F), indicating that the DD-p53 protein retains
wild-type function. Strikingly, Shld withdrawal in DD-p53 cells
strongly suppressed the induction of p21 upon doxorubicin
treatment (Fig. 1D and E) and rendered these cells insensitive to
the MDM2 inhibitor Nutlin-3 (Fig. 1F). By contrast, Shld with-
drawal had no effect in the parental cells (Fig. 1D, E, and F).
Together, these findings demonstrate that theDegron-KI system is
able to recapitulate a TP53 knockout phenotype.
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We next sought to investigate whether the Degron-KI system
can be used for the functional validation of oncogene depen-
dence. Recurrent hotspotmutations in EZH2 have been described
in diffuse large B-cell lymphoma (DLBCL; ref. 14), and EZH2-
mutated cell lines are sensitive to pharmacologic EZH2 inhibitors
(15–19). We used CRISPR/Cas9 to introduce a DD tag in the
EZH2 locus in Karpas422 cells (Supplementary Fig. S2C and
S2H), which harbor the EZH2 Y641Nmutation and are sensitive
to EZH2 inhibitors (16, 18, 19). The EZH2-wild-type cell line
HCT116 was used as a negative control. CRISPR-based DD-tag
insertion at the endogenous EZH2 locus inHCT116 cells was even
more efficient than DD-p53 tagging with TALENs. In fact, when
wild-type Cas9 was used, untagged EZH2 protein was almost
undetectable in the polyclonal population following puromycin
selection, indicating that the majority of cells had homozygous
expression of the DD tag (Supplementary Fig. S5A and S5C). By
contrast, use of a Cas9 nickasemutant (20–22) resulted inmostly
heterozygous DD-EZH2 targeting (Supplementary Fig. S5B), thus
providing an approach to effectively generate both heterozygous

and homozygous Degron-KI clones in HCT116 cells. Withdrawal
of Shld caused destabilization of the DD-tagged EZH2 alleles in
both HCT116 and Karpas422 Degron-KI clones (Fig. 2A and D;
Supplementary Figs. S3B, 4B, and 6A), and resulted in robust
inhibition of H3K27 tri-methylation, the major histone substrate
of EZH2 (Fig. 2A and D; ref. 23). Notably, Shld withdrawal
markedly impaired the proliferation of DD-EZH2–tagged Kar-
pas422 cells, whereas no effect on cell growth was observed in the
HCT116 control cell line (Fig. 2C and E), thus recapitulating the
selective dependence observed with pharmacologic EZH2 inhi-
bitors (Supplementary Fig. S7A and S7B; ref. 19). Moreover, the
inhibition of both H3K27 tri-methylation and proliferation
occurred in a dose-dependent manner (Fig. 2B, F, and G), dem-
onstrating that the Degron-KI system can be used to mimic
concentration-dependent inhibition by pharmacologic agents.

To further establish the broad applicability of the Degron-KI
system,we next applied it to PIK3CA, a well-established oncogene
with several small-molecule inhibitors in clinical trials (24–26).
DD tags were knocked into the PIK3CA locus of NCI-H1048, a

Figure 1.
Depletion of DD-p53 upon Shld withdrawal mimics p53 loss of function in Degron-KI–engineered HCT116 DD-p53 cells. A, schematic depiction of the
Degron-KI strategy. TALEN or CRISPR/Cas9 induces double-strand breaks at the N-terminus of the coding region of the endogenous locus, which facilitates
homologous recombination–mediated knock-in of the degron tag in the presence of the donor vector. The donor vector contains a PuroR-P2A-DD cassette
that is flanked by left and right homology arms (�1 kb each; black). After homologous recombination, the puromycin resistance gene and DD-tagged
genewill be expressed under the control of the endogenouspromoter due to the ribosomal skipping sequenceP2A. B,Western blot of parental and homozygousDD-
p53–tagged HCT116 cells in the presence or absence of 1 mmol/L Shld. DD-p53 marks the DD-tagged protein, whereas p53 indicates the migration of untagged p53.
GAPDH serves as a loading control. C, time course of protein depletion after Shld withdrawal. DD-p53–tagged HCT116 cells were cultured in 1 mmol/L Shld,
and lysates for Western blotting were harvested at the indicated times after Shld withdrawal. D and E, cells were treated with vehicle EtOH or Shld (1 mmol/L) for
24 hours, followed by doxorubicin (500 nmol/L) treatment for another 18 hours. Samples were collected for Western blot (D) and p21 qRT-PCR (E). F, dose
response of p53-DD clone viability after treatment with MDM-2 inhibitor Nutlin-3. Cells were first treated with vehicle EtOH or Shld (1 mmol/L) for 24 hours,
followed by Nutlin-3 treatment for 4 days. Cell proliferation was measured by CellTiter-Glo after 4 days of Nutlin-3 treatment.
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lung cancer cell line harboring the oncogenic PIK3CA H1047R
mutation. In response to Shld withdrawal, homozygous DD-
tagged PIK3CA clones (Supplementary Fig. S2D and S2J) dem-
onstrated robust suppression of p-AKT (amarker of PI3K pathway
activation) and inhibition of cell growth (Fig. 3A and B; Supple-
mentary Fig. S4C). These phenotypes closely mirrored suppres-
sion of the PI3Ka pathway by the selective PI3Ka inhibitor NVP-
BYL719 (25). As was the case for the DD-EZH2 clones, both
pathway modulation and growth inhibition in DD-tagged
PIK3CA clones could be titrated by adjusting the amount of Shld
(Fig. 3D and E), thus recapitulating the dose-responsiveness of a
pharmacologic PI3Ka inhibitor (Fig. 3D and E). Furthermore,
PI3Ka protein levels and downstream signaling (p-AKT inhibi-
tion) were markedly suppressed at 8 hours after Shld withdrawal,
with some additional reduction by 24 hours (Fig. 3C). Collec-
tively, the ability of the Degron-KI system tomirror the activity of
pharmacologic inhibitors such as EZH2 and PI3Ka inhibitors
demonstrates the utility of the Degron-KI system for the func-
tional validation of oncogene dependence.

We next set out to apply the Degron-KI system toward the
study of a novel and less well-understood oncogene. The spliceo-
some component SF3B1 was recently found to be recurrently

mutated in myelodysplastic syndromes, chronic lymphocytic
leukemia, and uveal melanoma (27–31). SF3B1 mutations are
generally heterozygous and cluster at codons 625, 666, and 700, a
mutation pattern that is characteristic for oncogenes and suggests
possible gain of function. Yet it remains unclear what functional
role SF3B1mutations may play during oncogenesis and whether
deregulated SF3B1 activity is required for cancer maintenance.
SF3B1 small-molecule inhibitors are currently under develop-
ment and have entered clinical trials (32). The fact that SF3B1 is
part of the spliceosome, however, raises the concern that pan-
SF3B1 inhibitors may exhibit significant toxicities in normal
tissues and thus present a very narrow therapeutic window. In
order to address whether or not SF3B1 is broadly required for
cellular growth, even in the absence of oncogenic alterations, we
generated both heterozygous and homozygous DD-SF3B1 clones
in Mel-Juso, a melanoma cell line expressing wild-type SF3B1
(Supplementary Fig. S2E). Depletion of one copy of SF3B1 in
heterozygousDD-SF3B1 clones had no impact on growth (Fig. 4A
and B, clone #3). By contrast, Shld withdrawal in homozygous
DD-SF3B1 clones led to robust SF3B1 protein depletion and
markedly impaired growth (Fig. 4A and B, clones #1 and
#2; Fig. 4E; Supplementary Figs. S4D and 6B). As before, this

Figure 2.
EZH2 Degron-KI mirrors the activity of pharmacologic EZH2 inhibitors. A and D, Western blot for levels of DD-EZH2 and H3K27Me3 in both Degron-KI–engineered
HCT116 cells (A, EZH2 wild-type, 4 days after Shld withdrawal) and Karpas422 cells (D, EZH2 Y641N, 6 days after Shld withdrawal). DD-EZH2 marks the
DD-tagged allele, whereas EZH2 indicates the migration of untagged EZH2. GAPDH serves as a loading control. B and F, modulation of DD-EZH2 and downstream
marker H3K27Me3 by titration of Shld compound. Cells were treated with indicated concentrations of Shld for 4 days (B) or 5 days (F) before lysateswere harvested
for Western blot. C, colony formation assay of Degron-KI–engineered HCT116 cells upon withdrawal of Shld. E, growth curves of DD-tagged EZH2 clonesþ/– Shld.
The same number of cells was seeded in the presence of Shld or vehicle on day 1. The number of viable cells was counted at days 6, 11, and 16 using
Vi-Cell XR (Beckman Coulter). G, growth curves of DD-tagged EZH2 clones treated with indicated concentrations of Shld. Cells (4 million) were seeded in the
presence of indicated concentrations of Shld on day 0. The number of viable cells was counted at days 5, 10, and 15 using Vi-Cell XR (Beckman Coulter).
A representative of duplicate experiment is shown.
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effectwas Shld-dosage dependent (Fig. 4C andD). Together, these
findings indicate that while SF3B1 is not haploinsufficient, com-
plete inhibition of SF3B1 is not tolerated in SF3B1wild-type cells,
therefore substantiating the toxicity concerns for a pan-SF3B1
inhibitor.

A potential avenue to circumvent the normal tissue toxicity of
pan-SF3B1 inhibition would be the development of SF3B1 inhi-
bitors that selectively target the mutant protein. However, given
the challenges and resources required toward the development of
mutant-selective inhibitors, it will be critical to confirm that
SF3B1mutations are in fact required for tumor maintenance. We
therefore sought to employ the Degron-KI system to assess the
impact of mutant-specific SF3B1 inhibition in two SF3B1-mutant
cancer cell line models, the endometrial cell line ESS-1, and the
uveal melanoma cell line Mel202. When analyzing DD-tagged
ESS-1 clones, we noticed that this cell line is polyploid, expressing
at least two wild-type and one mutant allele (K666N hotspot
mutation). Allele-specific targeting was confirmed through allelic
phasing of theDD tagwith theK666NSF3B1mutation byRT-PCR
(Supplementary Fig. S8A–S8D), yielding several clones that selec-
tively deplete either all copies of SF3B1, two copies, or only one
copy of SF3B1, including clones that selective target only the
mutant or wild-type alleles (Supplementary Table S1). Similar to
the findings in the SF3B1 wild-type cell line, Shld withdrawal in
clones that deplete all copies of SF3B1 strongly inhibited the
growth of ESS-1 cells (Fig. 5A, clones #1 and #2), indicating that
SF3B1 is also required for the growth of ESS-1 cells. Surprisingly,
however, the selective depletion of mutant SF3B1 protein, which
was confirmed by Western blotting (Fig. 5B; Supplementary Fig.
S4E), did not impact the proliferation of ESS-1 cells (Fig. 5A,

clones #3 and #4). By contrast, the selective depletion of the wild-
type protein profoundly inhibited cell growth, despite continued
expression of mutant SF3B1 protein (Fig. 5A, clones #7, #8, and
#9). To exclude the possibility that the dependence on wild-type
SF3B1 in this cell line is due to a gene dosage effect, as cells harbor
only one mutant and likely two wild-type copies of SF3B1, we
investigated the impact of Shld withdrawal on clones that had a
DD tag inserted in both the mutant and one wild-type copy of
SF3B1, where cells continued to express presumably only one
remaining copy of the SF3B1 wild-type protein. Shld withdrawal
in these clones also had no discernable growth impact (Fig. 5A,
clones #5 and#6), despite having a similar total level of remaining
SF3B1 protein compared with clones #7, #8, and #9 (Fig. 5B;
Supplementary Fig. S4E). Collectively, these findings suggest that
the in vitro growth of ESS-1 cells critically depends on the remain-
ing wild-type copies of SF3B1 but not mutant SF3B1.

Given these unexpected findings in ESS-1 cells, we wanted to
investigate the effects of allele-specific SF3B1 inhibition in an
additional cancer cell line model. The uveal melanoma line
Mel202 harbors the SF3B1 R625G hotspot mutation, which is
recurrently mutated in primary uveal melanoma tumors (27, 28).
This mutation has previously been described to correlate with
alternative splicing of the genes UQCC and CRNDE in uveal
melanoma tumors (33), but a causal relationship between SF3B1
mutations and these alternative splicing patterns has not yet been
established.Mel202 cells were found to be expressing onemutant
and multiple wild-type alleles of SF3B1. Using the Degron-KI
system, we again were able to obtainMel202 clones that had DD-
tag insertions in single or multiple alleles of SF3B1. During the
clone characterization, we identified clones that exhibited a

Figure 3.
PIK3CA Degron-KI mirrors the activity of pharmacologic PI3Ka inhibitor. A,Western blot of PI3Ka protein and phospho-Akt levels 48 hours after Shld withdrawal in
the parental cell line and two homozygous DD-tagged PIK3CA clones. DD-PIK3CA marks the DD-tagged allele, whereas PIK3CA indicates the migration of
untagged PIK3CA. GAPDH serves as a loading control. B, colony formation assay of NCI-H1048 parental line and two homozygous DD-tagged PIK3CA clones in the
presence or absence of Shld. A representative of triplicate experiment is shown. C, assessment of the kinetics of PI3Ka and p-Akt inhibition in DD-PIK3CA
cells. Lysates were harvested at the indicated times after Shld withdrawal and blotted with the indicated antibodies. D, PI3Ka and pAKT levels were modulated by
Shld in a dose-dependent manner in DD-PIK3CA clones. Cells were treated with the indicated concentrations of Shld (2 days) and the PI3Ka inhibitor BYL719
(1 day) before harvesting lysates for Western blot. GAPDH served as a loading control. E, colony formation assay for PIK3CA DD-tagged clone conducted in the
presence of indicated concentrations of Shld and BYL719. A representative of duplicate experiment is shown.
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constitutive knockout (KO) of themutant allele due to a small in-
del mutation (Supplementary Table S2, clone #3). This mutant
knockout clone showed a reversal of the altered splicing pattern in
UQCC and CRNDE to that of the SF3B1 wild-type cells (Fig. 5C;
Supplementary Fig. S9), thus providing a robust readout for the
functional inactivation of mutant SF3B1. Indeed, in clones that
selectively DD-tag the R625G mutant but not wild-type SF3B1
alleles, Shld withdrawal reversed the altered splicing pattern of
UQCC and CRNDE (Fig. 5C), indicating that the Degron-KI
system allowed for robust inactivation of mutant SF3B1. By
contrast, in clones that selectively DD-tag the wild-type SF3B1
alleles but not theR625Gallele, Shldwithdrawal didnot affect the
splicing pattern of UQCC and CRNDE (Fig. 5C). These findings
demonstrate that SF3B1 mutations are causally linked to the
alternative splicing of UQCC and CRNDE. Next, we wanted to
examine the effects of selective SF3B1-mutant depletion on gene
expression and alternative splicing at a global, genome-wide level.
Analysis of the RNAseq data using CuffDiff (12) showed that
selective depletion of the DD-R625G–mutant protein in MEL202
cells had little impact on the global gene expression pattern
(Supplementary Fig. S10). By contrast, using MATS (34), we
found that selective depletion of the SF3B1 mutant affected the

alternative splicing of 138 genes, including several genes thatwere
found to be alternatively spliced in primary uveal melanoma
tumors harboring SF3B1 mutations, e.g., ABCC5, SERBP1,
SNRPN, DLST, DYNLL1, ENOSF1, SLC3A2, STIM1, TMEM14C
(ref. 33; Supplementary Tables S3–S4; Supplementary Fig. S11).
Moreover, we found that the majority of alternative splicing
events in response to mutant SF3B1 depletion consisted of alter-
native 30 splice sites, with little impact on 50 splice sites (Supple-
mentary Fig. S12). These findings are consistent with SF3B10s role
as a core component of the U2 snRNP complex that promotes the
initial formation of the spliceosome at 30 exon/intron boundaries
(35). Together, these findings indicate that SF3B1mutations alter
spliceosome activity that lead to "aberrant" use of alternate 30

splice sites.
Despite the efficient reversion of the altered splicing pattern,

however, mutant-selective depletion of SF3B1 had no significant
impact on in vitro growth in both two-dimensional and 3D tissue
culture systems (Fig. 5D and F, clones #1 and #2). By contrast, as
was previously observed in ESS-1 cells, the wild-type selective
depletion of SF3B1 significantly impaired the growth of MEL202
cells (Fig. 5D and F, clone #4). The results from these two SF3B1-
mutant cancer cell line models suggest that the SF3B1-mutant

Figure 4.
SF3B1 Degron-KI demonstrates that SF3B1 is required for the growth of SF3B1 wild-type cells. A, Western blot for presence of tagged (DD-SF3B1) and untagged
SF3B1 protein in selected clones of the cell line Mel-Juso after 48 hours in the presence or absence of Shld. B, colony formation assay of selected Mel-Juso
DD-SF3B1 clones in the presence or absence of Shld. C and D, dose response of SF3B1 protein levels by Western blot (C) or colony formation assay (D) in a
homozygous DD-SF3B1 Mel-Juso clone. A representative of duplicate experiment is shown. E, immunofluorescence staining of SF3B1 and DNA (using DAPI) in
parental Mel-Juso and homozygous DD-SF3B1 Mel-Juso clone cells after 72 hours in the presence or absence of Shld.
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Figure 5.
Allele-specific interrogation of mutant and wild-type SF3B1 function using Degron-KI. A, colony formation of Degron-KI–engineered ESS-1 cells. The status of SF3B1
alleles in the respective clones is indicated below. � , detailed status of SF3B1 alleles of each clone is provided in Supplementary Table S1. A representative of
duplicate experiment is shown. B, Western blot of SF3B1 protein levels in parental and DD-SF3B1 clones shown in A. Lysates were harvested 48 hours after Shld
removal. DD-SF3B1 marks the DD-tagged allele, whereas SF3B1 indicates the migration of untagged SF3B1. GAPDH served as a loading control. C, RNAseq
data of Mel202 and its Degron-KI–engineered clones. UQCC, Mel202-mutant SF3B1 knockout cells use the last three exons (boxed) as terminal exons, whereas
the parental Mel202 uses the preceding exon as the terminal exon. CRNDE, Mel202-mutant SF3B1 knockout uses an alternative 30 splice acceptor within
exon 4 (boxed). D–F, Mel202mut-KO is clone #3, Mel202 DD-mut-SF3B1 is clone #2, andMel202DD-wt-SF3B1 is clone. Samples of Mel202 DD-mut-SF3B1 or DD-wt-
SF3B1 (-Shld) were collected 2 days after Shld withdrawal. The effects on alternative splicing of additional genes are shown in Supplementary Fig. S11. D,
colony formation of selectedMel202 SF3B1 Degron-KI clones. The status of SF3B1 alleles in a given clone is indicated below. � , detailed status of SF3B1 alleles of each
clone is provided in Supplementary Table S2. A representative of triplicate experiment is shown. E, 3D growth assay for selected Mel202 SF3B1 Degron-KI
clones in ultra-low attachment plates. F,Western blot of SF3B1 protein levels after 48 hours of Shldwithdrawal in selectedMel202 SF3B1 Degron-KI clones. DD-SF3B1
marks the DD-tagged allele, whereas SF3B1 indicates the migration of untagged SF3B1. GAPDH served as a loading control.
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allele is not required for tumor maintenance, at least under the in
vitro conditions tested. Moreover, the critical dependence on the
remainingwild-type copies of SF3B1 indicates that SF3B1hotspot
mutants must be defective in some essential cellular activity that
requires compensation by the remaining wild-type protein.

Discussion
TheDegron-KI systemdescribed here presents amethod for the

functional characterization and validation of novel cancer genes,
and provides several features that address some shortcomings of
current genetic loss-of-function tools. First, in contrast to RNAi-
based methods, the Degron-KI approach should have minimal
off-target effects, as theDD tag should only create fusion genes for
the gene of interest. Indeed, a genome-wide survey by RNAseq of
several DD-SF3B1–tagged Mel202 clones revealed that DD-tag
fusions were only detected at the SF3B1 gene locus (Supplemen-
tary Fig. S13). Using RNAseq, we also confirmed that the addition
of Shld has minimal to no effects on global gene expression
(Supplementary Fig. S10). Moreover, the ability to study each
clone in the presence and absence of Shld provides an ideal
isogenic setting and a robust control for any potential CRISPR-
induced genomic alterations. A potential limitation of the
Degron-KI approach is that it only works efficiently when applied
as an N-terminal fusion (10, and data not shown) and thus
requires that proteins can tolerate N-terminal tagging. While C-
terminal degron fusion systems have been described (36, 37), we
found that protein depletion was much less effective compared
with the DD-Shld system (data not shown). In addition, for some
genes the expression level of DD-tagged protein was reduced
compared with the untagged protein, possibly due to slight
alteration in protein stability (incomplete stabilization through
Shld) or translation efficiency (due to the P2A ribosome skipping
site). Importantly, however, for 5 of 6 genes that we have tested so
far, we found that homozygous DD-tagged clones behaved sim-
ilarly to the parental cell line, suggesting that in most cases the
DD-tagged protein is sufficiently expressed and functional. Fur-
ther supporting the high reproducibility of the Degron-KI meth-
od, our analysis of multiple independent DD-tagged clones
revealed similar phenotypic results for each gene studied.

A second feature of the Degron-KI approach is that it enables
inducible, titratable, and reversible gene depletion. A key
requirement for any loss-of-function method is the ability to
efficiently inhibit protein function. Although the extent of
protein depletion with the Degron-KI system was robust for
the proteins tested in our study, it appears to be incomplete in
most cases. Therefore, the Degron-KI approach described here
will most likely create hypomorphs rather than complete null
states. Consistent with this notion, Shld withdrawal in the DD-
tagged clone led to robust but slightly weaker inhibition of p-
AKT and cell proliferation in NCIH1048 DD-PIK3CA cells
compared with the PI3Ka small-molecule inhibitor BYL719.
However, it is important to note that in all cases tested, the
extent of protein depletion was sufficient to recapitulate genetic
(p53) or pharmacologic (EZH2, PIK3CA) loss-of-function phe-
notypes, as judged by downstream pathway inhibition and
impact on growth (in the case of oncogene dependence).
Another important feature of the Degron-KI system is that, in
contrast with current genetic tools, it allows for the titration of
gene inactivation by varying the dose of Shld. The titration of
Shld in DD-PIK3CA lines, for instance, was able to mirror

the dose-dependent inhibition of pathway and growth modu-
lation by a pharmacologic PI3Ka inhibitor. Collectively, the
reversibility and ability to titrate protein depletion with the
Degron-KI system provide a closer surrogate of target modu-
lation by pharmacologic inhibitors.

We would like to note that the Degron-KI method is highly
efficient and broadly applicable. We were able to recover high
proportions of correctly DD-tagged clones for 4 different genes
tested across 7 cell line models, including a nonadherent
DLBCL cell line that is difficult to transfect. Many cancer cell
lines exhibit aneuploidy, which creates a challenge for somatic
engineering as many loci will be present at more than two
copies. Using CRISPR-based targeting, however, we were able to
engineer "homozygously" DD-tagged clones in a single round
of transfection even in cell lines that were triploid or tetraploid
for the locus of interest. Together with a recent study that
developed a similar approach but was restricted to a single
gene and a single cell line (38), these findings indicate that the
Degron-KI approach should be broadly applicable to many
genes and cell line models.

Lastly, a key feature of the Degron-KI system is the ability for
allele-specific targeting. The application of this technology to the
study of the putative oncogene SF3B1 yielded several important
insights. SF3B1mutations cluster at hotspots and are suggestive of
gain of function, but their mechanism of action and oncogene
dependence remained unclear. Although previous studies dem-
onstrated a correlation between SF3B1 mutation and aberrant
splicing, allele-specific targeting enabled us to provide the first
demonstration that this altered splicing pattern can be directly
reversedby inhibitionof themutant butnot thewild-type protein.
Our data indicate that SF3B1mutations alter spliceosome activity,
leading to aberrant use of alternate 30 splice sites.Moreover, allele-
specific targeting allowed us to separate the impact on alternative
splicing of themutant protein from the cell-essential spliceosome
function performed by the wild-type SF3B1 protein. Surprisingly,
the reversal of aberrant splicing in response to SF3B1-mutant–
specific inhibition did not translate to growth-inhibitory effects in
the two SF3B1-mutant cancer models tested. Perhaps even more
unexpected, SF3B1-mutated cells are critically dependent on the
function of the remaining wild-type SF3B1 allele(s), and sole
expression of mutant SF3B1 is not sufficient to maintain in vitro
growth. Together, these findings indicate that the splicing altera-
tions induced by SF3B1 mutations are not required for in vitro
cancer proliferation. The dependence on the wild-type SF3B1
allele suggests that the SF3B1 mutations have characteristics of
a loss-of-function allele with respect to in vitro growth, potentially
explaining why SF3B1 mutations are always heterozygous, as
homozygous alterations may not be compatible with cell growth.
It is possible that SF3B1-mutant function is only required for
in vivo growth or other aspects of tumorigenesis, or that growth
dependence was lost with repeated passaging in tissue culture.
Alternatively, SF3B1 mutations may present a predisposing or
initiating event that is not required for continued cancer growth.
Despite the potential caveats outlined above, the findings
described raise caution as to whether the selective targeting of
SF3B1-mutant protein will yield robust antitumor effects. More-
over, the finding that SF3B1 appears to also be essential in cells
lacking oncogenic SF3B1 alterations raises potential concerns
regarding the therapeutic index for pan-SF3B1 inhibitors.

As illustrated by the case of SF3B1, the Degron-KI approach
described here presents a powerful tool to assess dominant and
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recessive cancer gene function, and significantly advances our
approaches for credentialing novel cancer targets.
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